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1. Introduction: 
The use of CO2 as polymer processing agent became popular in the mid 1990’s. Colton and Suh 
reported one of the first uses of CO2 as a foaming agent for polystyrene in 1987
1
. Since then CO2 
has been utilized successfully as solvent, anti-solvent or plasticizer in polymer processing such 
as polymer modification, polymer composites, polymer blending, microcellular foaming, particle 
production and polymer synthesis
2, 3. Its use as a supercritical ﬂuid, along with its plasticizing 
and solvent properties, has enabled it to be used in a wide variety of tissue engineering and 
regenerative medicine applications
4-9
. CO2 induced plasticization arises due to Lewis acid-base 
interactions
10, 11
. These interactions result in sorption of CO2 in the polymer matrix, allowing for 
the basis of CO2 assisted impregnation of polymers. CO2 has a number of advantages for 
polymer processing in tissue engineering, including its ease of use, low cost, and the opportunity 
to circumvent the use of organic solvents.  
The focus of this project is on the use of supercritical and subcritical CO2 for the processing of 
electrospun polymer scaffolds for potential tissue engineering and drug delivery devices. Electro 
spinning is a novel, emergent technique to develop 3D, nanoscale matrices for tissue 
engineering. Utilizing a high-voltage power supply to generate strong electric fields, polymer 
solutions are drawn out of needle tips and strained into nano-diameter, non-woven fiber mats. 
The formation of ﬁbers is achieved due to tangential stresses and bending instabilities12, 13. The 
diameter of the viscoelastic jet can be reduced to produce micron and nano-sized ﬁbers by using 
the electrostatic repulsions between the surface charges
14
. Post fabrication processing of 
electrospun polymers is essential to their application. By blending different biocompatible 
polymers the mechanical and microstructural properties of the scaffold can be tailored to the 
application.  Post-fabrication processing of electrospun polymer scaffolds is also essential to 
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adding biofunctionalization and added cellular in-growth characteristics. Direct electrospinning 
of polymer solutions with additives presents some problems. Encapsulation of a bioactive 
molecule using supercritical CO2 helps to protect conformational sensitivity molecules from the 
shear forces present during the electrospinning process
14
. 
An inexpensive and gentle method is required to infuse these biomolecules while preserving 
their activity and controlling their release.  CO2 can be used as a swelling agent for polymers and 
can help impregnate the scaffolds with desirable additives such as drugs or bioactive 
compounds
15,16
. Recently, the post-processing of novel electrospun PCL-Gelatin nano fiber 
blends using supercritical CO2 was investigated. The PCL-Gelatin nanofibers displayed 
resilience to microstructure deformation under exposure to SCCO2, furthermore different 
conditions of high pressure CO2, showed different loading and release profiles
17
. This has set a 
precedent to exploring controlled release applications using electrospun fibers as substrates for 
CO2 impregnation. In order to further explore the effects of blend composition on the 
impregnation and release characteristics of electrospun fibers different biocompatible blends of 
PMMA, PCL and Gelatin were explored. It is hypothesized that by incorporating an amorphous 
polymer such as PMMA, the blend will be more responsive to swelling agents and elicit higher 
additive loading
18
. An additional synthetic component will also allow access to a greater range of 
physical and chemical properties, and help optimize scaffold characteristics in a predictable 
manner. 
The objective of this thesis is to perform a detailed characterization of electrospun polymer 
blends derived from biocompatible polymers by determining their temperament to exposure to 
different high pressure CO2 infusion treatments. The characterization was based on mechanical 
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properties, microstructural analysis and resilience of the fibers to various impregnation and 
release conditions. 
2. Literature Review: 
Currently, biomedical engineering is tackling challenges in the development of controlled drug 
delivery and tissue engineered scaffolds due to lack of cellular response, mechanical instability 
and in vivo degradation of these systems
19
. Electrospun polymer fibers have been used in 
controlled drug delivery systems to achieve high surface area, porosity and simplicity of the 
process
20,21
.  Tissue engineering is an interdisciplinary field which deals with the repair and 
regeneration of damaged tissues. One aspect of tissue engineering is the development of 
implantable scaffolds with specific mechanical and biological properties that can mimic 
extracellular matrix (ECM). An implantable scaffold needs to provide an environment for cells to 
grow and proliferate in order to regenerate tissue
22
. Electrospinning provides 3D porous 
structures which aid in mimicking ECM. The efficacy of such scaffolds is based on several 
interaction parameters such as cellular adhesion, proliferation, biocompatibility in addition to 
scaffold characteristics like structural integrity, void volume and fiber diameter
23, 24
.  Design of 
an efficient scaffold is a complex process due to simultaneous optimization of above factors.   
 
Biocompatible polymers have received significant attention due to their wide range of 
application in tissue engineering and controlled drug release systems
25
. Poly-caprolactone (PCL) 
is one of the most widely used synthetic polymers which is semi-crystalline, biocompatible and 
biodegradable. An extended degradation period (about 24 months) makes PCL an ideal candidate 
for long term in vivo applications
26-28
. PCL is an attractive option for tissue engineered implants 
due to its outstanding elastomeric properties
29
. It is well known in literature to fabricate 
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electrospun PCL scaffolds with random or aligned fiber morphology. Electrospun PCL based 
scaffolds have been used as prosthetics for blood vessels and nerve cell proliferation
30, 31
. Poly-
methyl methacrylate (PMMA) is a synthetic, non-degradable biocompatible polymer which is 
primarily used in bone repair and hard tissue regeneration
32, 33
. PMMA based tissue engineered 
scaffolds have demonstrated good cellular adhesion, proliferation, and viability
34
. Electrospun 
PMMA fibers have been prepared to form 3-D tissue engineered scaffolds and have been tested 
in vitro and in vivo applications
35, 36
. PMMA has also been used in making medical devices, 
controlled drug delivery systems and regenerative medicines
23, 37
. Although, PMMA has high 
compressive strength, it is brittle and characterized by low tensile strength and fails to fulfill 
mechanical strength requirements that are essential for certain implantable scaffolds. Bio-
functionality of a scaffold is essential for achieve efficient cell adhesion and proliferation. A 
scaffold is functionalized by incorporating bioactive agents in the bulk or on the surface of the 
scaffold. A functionalized scaffold has active sites that can be recognized by cells and enhance 
cell attachment
38
. It has been shown that use of active molecules derived from natural ECM 
proteins is a better way to produce functionalized scaffolds. For instance, incorporation of 
gelatin, which is a biodegradable, natural protein, in the 3D Poly-l-lactic acid scaffold, indicated 
better cellular adhesion and proliferation of MC3T3-E1 as compared to the control
39, 40
.    
 
Synthetic polymers have chemical stability, ease of processability, robustness and consistent 
control over fabrication parameters, mechanical properties and morphology of resulting 
scaffolds. However, they lack, surface recognition sites for cellular affinity and are characterized 
by hydrophobic nature
41
. Cellular adhesion is dependent on both physical and chemical 
characteristics of the scaffold
42
. It depends on receptor mediated and non-receptor mediated 
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interactions between cells and the scaffold. Non receptor mediated interactions facilitate cell 
adhesion through weaker chemical interaction such as hydrogen bonding and charged 
interactions between functional groups of the scaffolds and cells. These forces can be fine-tuned 
in synthetic polymers but are not enough to elicit cellular adhesion. Receptor mediated 
interactions on the other hand are elicited by ECM molecules such as collagen, elastin, gelatin to 
which cells bind through binding proteins
43
. Natural polymers have an advantage in harnessing 
such interactions for cell proliferation. However, electrospun scaffolds made purely from natural 
ECM proteins are characterized by rapid hydrolysis in aqueous media and present a need for 
crosslinking to be functional
44
. Several researchers are looking to blend natural and synthetic 
polymers to explore properties of such composites in biomedical applications and overcome the 
limitations of purely synthetic and natural polymer based scaffolds for tissue engineering
45-48
. 
Adjusting compositions of such blends gives precise control on properties on the blends. For 
instance, controlled degradation of scaffolds was achieved using PAA/PTMC scaffolds
49
. Here 
degradation was regulated by adjusting the fast degrading PAA component for in-vivo implants. 
This aspect is crucial in application where scaffold degradation rates must be tailored to match 
tissue regeneration rate
50
. Moreover blending of certain natural and synthetic polymers in the 
same solvent system permits the formation of constructs that are stable in aqueous environment
51
 
as is demonstrated by several gelatin based hydrogels. This helps to bypass the need for 
crosslinking and thus preserves biocompatibility. Blending polymers in general allows access to 
greater range of physical, chemical and mechanical properties while also opening new avenues to 
polymer processing. There are several studies on blends of gelatin with synthetic polymers for 
tissue engineering applications and these have proven to perform better than their pure synthetic 
counterparts
30, 52-62. Gelatin acts as a “biological cue63” for cells and provides better 
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biocompatibility than a synthetic polymer. Gelatin may also counteract the hydrophobic nature 
of some synthetic polymers which is an added advantage for applications that require aqueous 
environments. There is also evidence to suggest that biomolecules delivered using gelatin based 
controlled release devices tend to persist in bioactivity
64
.  
 
Post-fabrication processing of tissue engineered scaffolds and drug delivery systems is 
challenging as physical and chemical characteristics of these systems need to preserved during 
processing. High temperatures and organic solvents are avoided due to concerns about their 
toxicity and damage to sensitive polymers. Supercritical fluids (SCF) have easily tunable 
physical properties (e.g density, viscosity etc) which are useful in the wide range of 
applications
65
. Carbon dioxide (CO2) is one of the most popular SCF due to its benign critical 
point conditions (7.38 MPa at 31.1 °C). Recent studies have explored potential of CO2 for 
sustainable and inexpensive processing of many polymers for foaming, sterilization, solvent 
extraction and impregnation
66, 67
. CO2 has specific molecular interactions with many polymers 
which result in altered polymer properties to ease plasticization of polymer
68
. In the presence of 
CO2, properties of many polymers (such as glass transition temperature Tg etc.) are significantly 
different than those of pure polymer and can be tuned by adjusting CO2 pressure and 
temperature
69
. CO2 offers a green alternative way for impregnation of drugs and biomolecules in 
the polymer substrate. Various studies have already studied plasticization and impregnation of 
PCL and PMMA in the presence of high pressure CO2
70, 71
. Although subcritical gaseous CO2 
can reversibly swell PCL during impregnation, it results in fast release of the impregnated 
additive due to low solubility of additive in dense CO2. Liquid CO2 can swell pure PCL 
reversibly without permanent deformation but it has low diffusivity. Supercritical CO2 (SCCO2) 
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has moderate diffusivity in polymers and adequate solubility for an additive compared to that of 
dense gas and liquid CO2. However, if PCL is subjected to SCCO2, it melts and loses mechanical 
integrity
72
. Similarly PMMA shows an irreversible change in the structure if processed under 
certain SCCO2 conditions
73
. The structure of a scaffold (porosity of foams and fiber structure for 
fibrous scaffold) is an essential factor for cell proliferation. In our recent work we showed that if 
PCL is blended with gelatin the resulting blend has distinct properties. When subjected to high 
pressure CO2, the blend can be swelled reversibly by dense, liquid and SCCO2
17
. Our recent 
results have confirmed that pure PCL swells under high pressure CO2 whereas pure gelatin 
compresses due to dehydration in the presence of CO2. Simultaneous swelling of PCL and 
shrinking of gelatin stabilize the blend under SCCO2 without deformation. This discovery has 
opened an avenue to explore CO2 assisted impregnation of biocompatible blends with gelatin for 
drug delivery and tissue engineering. 
In this thesis, we have explored the properties of PMMA-PCL-gelatin ternary blend for 
biomedical applications. Different compositions of ternary blends have been investigated to 
prepare electrospun scaffolds.  Adjusting ratio of the blend components allows control over 
mechanical properties and degradation rate of the scaffolds. High pressure CO2 assisted 
impregnation was used to impregnate Rhodamine B dye in these scaffolds. Release profiles of 
the dye from these scaffolds were studied over specific period of time.  Results indicate the 
PMMA-PCL-gelatin ternary blends have promising properties for various biomedical 
applications. 
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3. Materials and Methods: 
3.1Electrospinning 
5 % w/w polycaprolactone (PCL) (Mn 70,000-90,000; Sigma-Aldrich, St. Louis, MO), 3% 
polymethyl methacrylate (PMMA) (Mn 350,000; Sigma-Aldrich, St. Louis, MO) and 6.7 % w/w 
porcine gelatin type A (300 Bloom; Sigma-Aldrich, St. Louis, MO) solutions were prepared in 
1,1,1,3,3,3-hexafluoro-2-propanol (HFP)(> 99% purity; Sigma-Aldrich, St. Louis, MO) stirring 
at room temperature (≅ 25°C) for 24 hours. Weight % concentrations were chosen based on 
electrospinning of pure polymer to achieve required fiber morphology.  Different compositions 
of ternary blends are obtained on volume/volume basis by adjusting volume of each component 
in the blend solution. After complete mixing of solutions Tri-PCL (PCL 50%, PMMA 25%, 
Gelatin 25%), Tri-PMMA (PCL 25%, PMMA 50%, Gelatin 25%) and Tri-Gelatin (PCL 25%, 
PMMA 25%, Gelatin 50%) blends were then poured individually into separate 20cc syringes, 
fitted with a 20 gauge blunt tip needle, and electrospun using a DC high voltage power supply 
(Glassman High Voltage, Inc., High Bridge, NJ) at positive 20 kV, 20 cm needle-to-collector 
distance, 10 mL/hr flow rate, for 45-60 min. 8 cm x 8 cm randomly oriented electrospun fiber 
mats of Tri-PCL, Tri-PMMA and Tri-Gelatin were produced on aluminum non-stick foil. The as-
spun mats were then placed in a vacuum oven (< 30 mmHg) at 25°C for 24 hours to remove any 
residual HFP solvent.  The mats were then cut into 13 mm diameter discs using a metal punch 
with an approximate fiber mat weight of 15 mg (Arch Punch; C.S. Osborne & Co, Harrison, 
N.J.) and stored at ambient room conditions until future use. 
3.2 Scanning Electron Microscopy (SEM) 
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SEM (Quanta 300, Netherlands and JEOL JSM-5500, USA) was used to characterize surface 
morphology and microstructure of the blended electrospun mats. Samples were mounted on 
aluminum stubs, covered with carbon adhesive tape (Ted Pella, Reading, CA), and sputter coated 
with Au (Pelco Model 3 sputter coater 91000, USA) at an emission current of 15 mAmps, under 
Argon atmosphere for 60 sec to achieve an approximately 15 nm thick layer.  Coated samples 
were then analyzed using an accelerating voltage of 5 kV for micro-structural and morphological 
characteristics of the electrospun fibers. Image analysis was carried out using ImageJ software.  
3.3 Differential Scanning Calorimetry (DSC) 
DSC analysis of electrospun mats were carried out in a TA instruments DSC Q 100. All test runs 
were performed under nitrogen purging at 50 ml/min. Thermal properties were investigated for 
all the blends. All samples were analyzed in their pure form and after treatment with supercritical 
CO2. In the case of CO2 treatment, fibers were pretreated with supercritical CO2 (8.27 MPa and 
37°C) for 2 hours. All samples (10mg in weight) were equilibrated at -10°C and heated to 160°C 
at 10°C/min. After maintaining isothermal conditions at 160°C for 1 min, samples were cooled 
to -10°C at 10°C/min to finish cycle. TA instruments universal analysis software was used to 
analyze DSC scans. 
3.4 X-ray Diffraction (XRD) 
XRD patterns were obtained for as-spun PCL, gelatin, and PMMA nanofiber scaffolds as a 
baseline for analysis, and in addition XRD profiles for each of the as-spun tri-blends (Tri-
PMMA, Tri-Gelatin, and Tri-PCL) were acquired using a Rigaku Ultima-III diffractometer 
(Rigaku Ultima-III, Rigaku Corp., USA) operated in Bragg Brentano mode. The X-ray source 
was a Cu-Kα and a diffracted beam monochromator was used.  Electrospun specimens were 
mounted on aluminum disks using tape to ensure the sample was flat. Sample thickness was 
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measured before XRD to provide consistency from sample to sample.  The disks were rotated at 
120 rpm during data acquisition with a step-size 0.04° over the range of 19 to 25° 2θ and the 
integration time at each step was 24 seconds.  A constant linear background was used in the 
profile fitting to eliminate potential background noise and scattering when comparing the 
patterns from different samples.  All XRD pattern analysis was performed using JADE software 
(MDI, v 8.1). 
3.5 Mechanical Testing 
The mechanical properties of the as-spun electrospun scaffolds were determined using a uniaxial 
bench-top testing machine (TEST RESOURCES- Type R, TestResources Inc, Shakopee, MN). 
The scaffolds of pure PMMA, pure PCL, Pure gelatin and blended PMMA-PCL-Gel fibers were 
tested to analyze mechanical properties. Samples were cut to a gage-length of 20 mm and gage-
width of 2.4 mm by placing the fiber mats between two 2 mm thick stainless steel ‘dog-bone’ 
shaped templates.  A stainless-steel surgical blade was employed to make the straight cuts of the 
template, and a 6-mm dermal biopsy punch was used to cut the radii.  Great care was taken to 
insure clean-cut samples, reducing sample flaws that could result in inaccurate testing. Placing 
the gage-length of the ‘dog bone’ shaped samples between two glass-slides and measuring the 
thickness of the sample using a digital micrometer determined sample thickness. Five samples 
from each of the different groups were analyzed. Samples were placed into aluminum grips and 
pulled at a cross-head speed of 5 mm/min by a 222.5 N load cell to failure. Force as a function of 
displacement was recorded and converted for engineering-stress vs. elongation analysis. 
3.6 Infusion and Release 
The 13 mm diameter electrospun discs of all three combinations were weighed (Ohaus galaxy 
100, NJ, USA) and placed in 24 well plate. 100 μL of 1 mg/mL Rhodamine B (Standard Fluka; 
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Sigma-Aldrich, St. Louis, MO) in ethanol (>99.5% purity, 200 Proof; Sigma-Aldrich, St. Louis, 
MO) solution was placed uniformly onto each of the scaffolds. These scaffolds were placed in 
chemical hood to dry for 2 hours until all the ethanol was evaporated. Scaffolds were moved 
using tweezers in order to avoid their adhesion to the well plate surface. In the case of 
adsorption-only study, scaffolds were washed 3 times with pure ethanol after 30 min. For CO2 
infusion, dried scaffolds were then placed into a high pressure stainless steel vessel. Temperature 
of the vessel was controlled using heat tape and monitored using a temperature sensor (Omega 
CSC 32, Stamford, CT, USA). Bone-dry CO2 (99.9% purity, Praxair, Columbus, OH) was 
allowed to flow in the pressure vessel and pressure was controlled with the syringe pump (500 D; 
Teledyne ISCO, Inc., Lincoln, NE). Equilibrium conditions were maintained for 2 hours. 
Subcritical CO2 infusion was conducted at 6.20 MPa and 25
o
C whereas supercritical CO2 
conditions were maintained at 8.27MPa and 37
o
C. In either case, pressure was released by 
reversing syringe pump slowly (0.5-1 ml/min) over >12 hours. Scaffolds were then washed with 
pure ethanol 3 times and dried in the chemical hood. Rhodamine B release was carried out in 24 
well plates for all three impregnation conditions (adsorption, subcritical CO2 and supercritical 
CO2) by immersing each scaffold in the 2 ml of phosphate buffer saline (PBS) and keeping it in 
the incubator (Wiseven, Witeg Labortechnik GmbH, Germany) at 37
o
C. At each time point, 2 
aliquots were taken from each sample and stored in 96 well plates. PBS was replaced with fresh 
PBS in each well after every time point. All 96 well plates containing aliquots were stored in the 
refrigerator. A UV-vis 96-well plate spectrometer (Spectra Max 190 Absorbance UV-VIS plate 
reader, Sunnyvale, CA) was used to measure the absorbance of released Rhodamine B solutions 
at a wavelength of 535 nm. Spectrometer readings were then converted to concentration values 
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(μg/mL) using a polynomial calibration curve produced by making serial dilutions of Rhodamine 
B in PBS. Statistical analysis was carried using JMP software.   
 
3.7 Weight loss Study: 
Similar to the infusion study, 13 mm diameter discs of Tri-PMMA, Tri-PCL and Tri-Gelatin 
fibers were weighed and placed in 24 well plates. Each scaffold was immersed in 2 ml of PBS 
and stored in the incubator (Wiseven, Witeg Labortechnik GmbH, Germany) at 37 
o
C. Scaffolds 
were then removed after specific time interval to wash with distilled water in order to get rid of 
salts. These scaffolds were then dried overnight in a vacuum oven to remove all water before 
they were weighed again to analyze weight loss. 
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4. Results and Discussion: 
4.1 Polymer Blend Characterisation 
PCL- Gelatin blends were previously determined to be successful candidates for CO2 based 
infusion. The success was determined based on the resilience of the blend to Supercritical CO2 
exposure. In order to enhance impregnation capabilities PMMA was added to the blend. Figure 1 
depicts the as spun ternary blends. 
 
Figure 1: SEM image of as spun A) Tri-PMMA B) Tri-PCL C) Tri-Gelatin blends  
All three compositions explored in this study show fibers in the range of diameters 0.75-1 µm. 
Tri-Gelatin scaffolds have flat ribbon like fiber morphology with large fiber diameter
74
 due to 
higher percentage of gelatin in the blend. Tri-PCL and Tri-PMMA fibers have well defined 
cylindrical structure and uniform fiber diameter. The fiber diameter of the individual blends is 
displayed in Figure 2.  
A C B 
14 
 
 
 
 
 
 
 
 
Figure 2: Average fiber diameter of ternary blend electrospun fibers 
In order for the scaffolds to be viable for CO2 infusion of additives, it is essential that electrospun 
fibers maintain their microstructure during the processing stage. Figure 3 shows the SEM image 
of ternary blends post supercritical CO2 exposure at 8.27MPa and 37
o
C. 
 
Figure 3: SEM images of electrospun fibers post supercritical CO2 exposure A) Tri-PMMA  
B) Tri-PCL C)Tri-Gelatin  
A C B 
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Although Tri-PMMA blend shows no deformation of fibers, stress relaxation of fibers causes a 
reduction in the porosity of the scaffold (Figure 3A). Stress relaxation of Tri-PMMA fibers 
change scaffold morphology into wormlike structure.  There is no notable change in the 
morphology for Tri-Gelatin fibers (Figure 3C). Tri-PCL scaffolds show fiber melting and fusion 
of fiber at all the fiber junctions; nonetheless fiber structure and inter-fiber porosity is maintained 
after supercritical CO2 exposure.  
In the infusion process, the initial loading was made using an ethanol solution of the additive 
Rhodamine -B. To study the effect of the initial loading on fiber morphology the as spun fibers 
were exposed to 100% ethanol for 30 minutes. The scaffolds were then dried and imaged using 
SEM. Figure 4 depicts the resulting SEM image after ethanol treatment.    
       
   
Figure 4: SEM images of electrospun fibers following 100% ethanol treatment A) Tri-PCL  
B) Tri-Gelatin C)Tri-PMMA 
Fiber diameter analysis shows no significant change in diameter of Tri-PCL. Tri-PCL fibers 
show no noteworthy change in fiber structure and void volume of scaffolds. Tri-Gelatin and Tri-
PMMA scaffolds show significant change in void volume and fiber morphology after ethanol 
A B C 
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treatment. There is a notable increase in Tri-Gelatin and Tri-PMMA fiber diameter due to 
ethanol treatment. Tri-Gelatin blend shows deformation of fiber structure, with some evidence of 
fiber melting along with a reduction of void volume. Although Tri-PMMA blend shows no 
deformation of fibers, stress relaxation of fibers causes a reduction in the porosity of the scaffold. 
Stress relaxation of Tri-PMMA fibers change scaffold morphology into wormlike structure. The 
fiber diameters post ethanol treatment were measured and presented in Figure 5. 
 
 
 
 
 
 
 
Figure 5: Average fiber diameter of ternary blend electrospun fibers post ethanol treatment 
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4.2 Mechanical Characterization of Electrospun fibers 
Blend composition of polymer solution has a significant impact on the mechanical properties of 
the electrospun scaffolds. In order to characterize the effect of blend components on mechanical 
properties, the modulus, % elongation and ultimate tensile strength of the electrospun scaffolds 
was measured for each of the ternary blends and compared to their pure components. 
 
Figure 6: Modulus of electrospun fiber dog bones 
Figure 6 represents the modulus of the electrospun fibers obtained by calculating the slope of the 
linear region of the stress vs. strain curve. As is evident pure form PCL and PMMA fibers are not 
strong and offer little resistance to deformation. Incorporation of gelatin helps increase the 
modulus of the ternary blends of PCL and PMMA significantly. Higher modulus is critical for 
18 
 
tissue engineering applications that require resistance to deformation at the site of implantation. 
The reduced modulus of Tri Gelatin can be attributed to the addition of PMMA and PCL. Figure 
7 displays the % elongation of the ternary blends as compared to the pure components. While all 
ternary blends have similar modulus as attested in Figure 6, they vary significantly as to the 
amount of elongation they undergo until their break point. Each polymer blend shows an 
increase in the elongation when compared to its dominant pure form. PCL shows almost a 2 fold 
increase in elongation in Tri-PCL blend whereas PMMA and gelatin shows almost 8 times 
increase when they are in blended form.  
 
Figure 7: % Elongation of electrospun fiber dog bones 
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Finally ultimate tensile strength of the scaffolds was determined. The ultimate tensile strength 
(UTS) is the maximum engineering stress level reached in a tension test. In brittle materials, the 
UTS is reached at the end of the linear-elastic portion of the stress-strain curve or close to the 
elastic limit. In ductile materials, the UTS is well outside of the elastic portion of the stress strain 
curve into the plastic portion of the stress-strain curve. The raw data gathered from the stress 
tests on five representative samples of each ternary blend and pure component is depicted in 
Figure 8. All ternary blends have a ductile nature. Moreover the dramatic augmentation of 
mechanical properties is evident. Pure gelatin represents typical brittle failure with high modulus, 
but the sample can absorb very little energy before failure. Similarly pure PMMA undergoes 
very limited elongation before brittle failure. However, in their blended form both tri-PMMA 
and tri-gelatin show significant increase in % elongation at maximum stress. This can be 
characterized as increased toughness of the polymer. Figure 9 shows the UTS values achieved by 
different scaffolds during mechanical testing. 
20 
 
Figure 8: Stress vs % Elongation curves for ternary blends and pure components 
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Figure 9: UTS of electrospun fiber dog bones 
There is notable enhancement in the UTS of Tri-PMMA and Tri-Gelatin blends when evaluated 
against their pure states. Although Tri-PCL blend shows some improvement over pure PCL it is 
not as high as PMMA and gelatin. This study was designed to manipulate the mechanical 
properties of the blend by adjusting the composition in order to make tissue engineered scaffolds 
or drug delivery systems for different applications. Mechanical testing results show that there is a 
remarkable change in the properties of the blends as compared to the individual components. 
PCL is a semi-crystalline polymer with lower modulus and higher elongation
75
. Being above the 
glass transition temperature under ambient conditions, low stress is required to achieve large 
strain in PCL. PMMA is brittle material with lower elongation and high compressive strength
76
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at room temperature. The mechanical properties of gelatin are closely related to water content
77
. 
As water content is reduced, it changes gel behavior to rigid polymer. Electrospun gelatin fibers 
in solid state at ambient conditions have about 10-15% moisture content
78
. Thus, pure gelatin 
fibers show higher modulus and lower elongation under ambient conditions. Although blends 
prepared for this study are heterogeneous blends, each component contributes to the 
improvement of overall mechanical properties. Gelatin plays a modulus boosting role in the 
blends, whereas PCL enhances the elongation and UTS of the blends. Although we have not 
measured compressive strength of these blends in this study, we believe all blends would show 
increase in the compressive modulus due to presence of PMMA.  
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4.3 DSC and XRD characterization 
In order to characterize the nature of the ternary blends and extent of crystallinity present in the 
polymer sample XRD was performed. Crystalline structure consists of regular arrangement of 
atoms. Due to the nature of the blended polymers the ternary blends contains both crystalline and 
amorphous phase arranged randomly. When an X-ray beam is passed through the polymer 
sample, some of the regularly arranged atoms reflect the x-ray beam constructively and produce 
enhanced intensified diffraction pattern.  Crystalline regions in the polymer seated in well-
defined manner acts as diffraction grating.  
DSC is another technique to measure crystallinity. The amount of heat absorbed or evolved from 
sample under isothermal conditions is measured. DSC consists of two pans, one reference pan 
that is empty and the other pan has polymer sample. In this method polymer sample is heated 
with reference to a reference pan at the same rate. The amount of extra heat absorbed by polymer 
sample is measured with reference to reference material.   
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Figure 10: DSC scans of ternary blends as-spun and after supercritical CO2 (8.27 MPa and 37
o
C) 
treatment. Image (A) Tri-PCL (B) Tri-Gelatin (C) Tri-PMMA.  
B 
C 
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Figure 10 (A-C) shows DSC scans for ternary blends. In the case of untreated samples, a PCL 
melting peak was observed at 55
o
C only for Tri-PCL blend (figure 9A). No PCL melting peaks 
were observed for Tri-Gelatin and Tri-PMMA blends (figure 9B & 9C). In the case of 
supercritical CO2 treated samples, all three compositions show PCL melting peaks. A peak 
splitting phenomenon is observed for all CO2 treated samples.  
 
Figure 11: XRD patterns of pure PCL, PMMA and gelatin along with ternary blends before and 
after CO2 exposure.  
Figure 11, displays the XRD patterns for the as-spun pure-PCL, gelatin, and PMMA samples and 
ternary blends. The electrospun pure-PCL sample displays significant peaks at 21.5 and 23.75° 
2θ, suggestive of a well-defined crystal structure. While, pure-gelatin and PMMA samples 
display patterns absent of peaks indicating that they are fully amorphous materials. Likewise, the 
TRI-PMMA and TRI-gelatin three component blends displayed XRD profiles like that of pure-
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gelatin and PMMA electrospun samples. The TRI-PCL blended sample displayed peaks at 21.5 
and 23.75° 2θ of lower intensity as compared to the pure-PCL sample, but in the same location, 
indicating that crystals were formed due to the increased presence of PCL in the blend.  
DSC and XRD results suggest that PCL is not in the crystalline form in the Tri-Gelatin and Tri-
PMMA blends. However, it shows crystalline phase in the Tri-PCL blend. Further investigation 
shows that this phenomenon is not related to lower concentration of the PCL in the other two 
blends. Upon exploring DSC behavior of different compositions of PCL-PMMA and PCL-
Gelatin binary blends, a distinct PCL melting peak was observed for all the compositions 
including compositions having 25% v/v of PCL in the binary blends. Apparently PCL cannot 
crystallize in the ternary blend in the presence of PMMA and gelatin when concentration is 25% 
v/v. This suggests that crystallization of PCL is hindered during rapid electrospinning process by 
rigid gelatin and amorphous PMMA. However, SCCO2 treated samples show peaks near the 
melting point of PCL. Thus PCL in the ternary blend is melted and recrystallized after SCCO2 
treatment.   
Post processing of electrospun scaffolds is essential before the final applications. Incorporation 
of drugs or proteins in the scaffolds is accompanied by using solvents which aid in achieving 
homogeneous distribution of drug. In this study, ethanol was used, since it is a non-solvent for all 
three polymers and has significant solubility for most of the pharmaceutical drugs. However, 
diffusion of ethanol through gelatin and PMMA causes stress relaxation of these polymers
79, 80
. It 
has been proved experimentally that crystallinity affects the stress relaxation of polymers by 
inhibiting conformational changes due to presence of rigid crystalline regions
81
. This confirms 
that crystallinity of PCL dominates over stress relaxation behavior of gelatin and PMMA in the 
Tri-PCL blend and assists in maintaining the fiber structure after ethanol treatment. However, for 
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Tri-PMMA and Tri-Gelatin, PCL is a minor component in the blend.  Also DSC and XRD 
confirm that PCL is in amorphous form in Tri-Gelatin and Tri-PMMA blends. Due to lack of 
crystalline PCL, these blends show significant changes in morphology after stress relaxation in 
ethanol. SCCO2 is compatible with polymers containing ester groups
82
. PCL melts under 
supercritical CO2 whereas PMMA undergoes deformation
70,83
 due to favorable interactions and 
high CO2 solubility. Thus, Tri-PMMA blend shows stress relaxation behavior when subjected to 
supercritical CO2 and Tri-PCL blend shows melting of fibers at cross sections. However, pure 
gelatin shows compression when subjected to high pressure CO2 and assists in retaining the fiber 
structure in the blend when treated with CO2.  Fiber morphology is still maintained in the Tri-
PCL blend post CO2 treatment due to presence of gelatin and PMMA which aids in maintaining 
the structure.  
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4.4 Release of Rhodamine-B 
In order to assess the effect of blend composition on the infusion and release of small molecules, 
the ternary blends were infused with Beta Rhodamine using supercritical CO2, subcritical CO2 
and simple adsorption. Figure 11 depicts cumulative release curves for various ternary blends. 
 
Figure 12: Cumulative release curves of ternary blends under different impregnation conditions 
A) Tri-Gelatin B) Tri-PCL C) Tri-PMMA D) Adsorption E) Subcritical CO2 F) Supercritical 
CO2 
A 
E 
D 
C 
B 
F 
29 
 
Release from the blended electrospun fiber mats is shown in figure 11. All release curves are 
indicated in terms of cumulative mass of Rhodamine B per unit mass of fiber in order to compare 
different blends and different impregnation conditions.  
Figure 11A shows release from Tri-Gelatin fibers impregnated under different infusion 
conditions. Subcritical CO2 impregnation releases significantly more dye with time than simple 
adsorption and supercritical CO2 impregnated samples. However, samples infused using 
supercritical CO2 have a very similar release profile to samples infused by simple adsorption 
process. This trend may be attributed to the lower degree of dehydration and consequently lower 
compression of gelatin under subcritical infusion conditions. This in turn allows higher drug 
loading and release of Rhodamine B from tri-gelatin blends treated with subcritical CO2.  
The   Release curves from Tri-PCL fibers (Figure 11B) exhibit an expected trend for mass of dye 
released. Supercritical CO2 infusion provides higher loading and release of Rhodamine B than 
subcritical CO2 treatment which in turn provides higher impregnation of the dye than a simple 
adsorption procedure.  
In the case of Tri-PMMA fibers (Figure 11C), all three impregnation conditions show similar 
release profiles without notable change. Subcritical CO2 impregnated samples show a small but 
not prominent increase in the amount of released dye as compared to supercritical CO2 and 
adsorption. The most likely explanation for this abnormal behavior is lower diffusion of release 
medium in the Tri-PMMA samples due to reduction in void volume. Also subcritical CO2 and 
supercritical CO2 show similar swelling for PMMA when subjected below 40
o
C
84
.  
Figures 11D-F show comparative release profiles of all ternary blends subjected to identical 
impregnation conditions. Under all the infusion conditions tri-gelatin shows the highest release 
followed by tri-PMMA and finally tri-PCL.  
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The results confirm that each polymer in the blend can show a unique response towards solute 
release based on the polymer solute interactions and impregnation conditions
85
. Additionally, 
degradation of the polymer matrix due to hydrolysis and morphology changes upon exposure to 
release medium can affect release of solute
86
.  
If we consider solute polymer interactions for ternary blends, solubility parameters for different 
polymers with Rhodamine B can provide a basis for comparison
87- 90
. Solubility parameters of 
PCL, PMMA and gelatin are 18.25, 18.2 and 24.3 MPa
0.5
 respectively. Solubility parameter of 
Rhodamine B calculated from group contribution theory is about 27.4 MPa
0.5
. Thus, gelatin 
should have higher compatibility for Rhodamine B as compared to PCL and PMMA. This may 
explain higher release of dye from tri-gelatin blend under all the different impregnation 
conditions. The higher compatibility of Rhodamine-B with the gelatin component of polymer 
matrix, allows for enhanced drug loading. This allows higher release of dye from tri-gelatin 
irrespective of impregnation conditions.  
Relaxation dynamics of polymers play an important role in the impregnation and release. Tri-
PMMA and Tri-gelatin electrospun fibers in their pure state show prominent reduction in the 
voidage of electrospun mat when subjected to 100% ethanol. This phenomenon is explained by 
relaxation of stresses built up during rapid electrospinning process. As shown in the SEM 
analysis (Figure 1B and 1C), both Tri-PMMA and Tri-Gelatin blends show decrease in the free 
volume of an electrospun mat when subjected to Rhodamine B in ethanol. For Tri-gelatin fibers, 
a large degree of melting was observed, whereas, Tri-PMMA fibers show no melting but 
reduction in the void volume and change in fiber structure. Tri-PCL scaffolds show no change in 
structure after pure ethanol wetting. This explains why different impregnation conditions have 
significant impact on the release of dye from tri-PCL blends since fiber morphology is relatively 
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resistant to stress relaxation. However, in case of tri-PMMA fibers the impregnation conditions 
only show a modest effect on the release of dye. Moreover % release curves for tri-PMMA 
shown in Figure 13 C show that rate of dye released is also nearly unaffected for different 
impregnation conditions. This confirms that release from Tri-PMMA scaffolds is controlled 
dominantly by the diffusion of solvent medium in the scaffold.  
In order to view time related release behavior % release curves were plotted in Figure 13.  The 
cumulative dye released at each time point was expressed as a percentage of the final cumulative 
amount of dye released at termination of the release period.  
As is evident from Figure 13E and F, tri-gelatin fibers shows the highest burst release with 50% 
of total dye being diffused within 24 hours. Also, Figures 13A-C depicts near linear release 
curves from 50% of total dye released onwards for all three ternary blends. The linear release of 
dye with time may be significant for controlled release applications. Release curves for tri-PCL 
and tri-gelatin blends (Figures 13A-B) exhibit that CO2 treatment has a significant impact on the 
rate of release. 
Finally the polymers differ in their stability in the aqueous release medium. PMMA is non-
biodegradable polymer which cannot be degraded hydrolytically
91
. PCL, a poly-hydroxy ester, 
shows slow hydrolysis of ester groups in PBS which proceeds via surface as well as bulk 
degradation of PCL.
92
 Uncrosslinked gelatin is extremely unstable in aqueous media and shows 
rapid degradation of polymer matrix. Thus higher release of tri-gelatin blend may be explained 
by the direct degradation of the polymer-solute complex into the aqueous release media. The 
results of the weight loss with time in PBS release medium are shown in Figure 14. 
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Figure 13: Comparison of % dye release profiles from ternary blends after different impregnation 
conditions for initial 5 days of release  
A 
B 
C 
D 
E 
F 
Time (Hours) Time (Hours) 
Time (Hours) Time (Hours) 
Time (Hours) Time (Hours) 
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Figure 14: Degradation of ternary electrospun scaffolds in PBS release medium 
The results show rapid degradation of tri-gelatin fibers by direct hydrolysis of the gelatin 
component of the polymer matrix. Similarly the tri-PCL and tri-PMMA blends show weight loss 
in PBS, although the tri-PCL blend shows more rapid weight loss as compared to tri-PMMA. 
This could be attributed to the fact that tri-PCL fibers maintain void volume in PBS and allow 
for more rapid diffusion of solvent into the polymer matrix, thus allowing for faster degradation 
of the gelatin component into the solvent. The SEM images of tri-blends  after exposure to PBS 
are shown in Figure 15. 
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Figure 15:  SEM images of as-spun ternary blends after 24 hour of degradation in PBS (A) Tri-PCL (B) 
Tri-Gelatin (C) Tri-PMMA. 
If we model these scaffolds by considering a thin film, we can calculate fickian diffusion 
coefficients of dye release using procedure explained by
93
 Ritger et.al.. Diffusion coefficients 
(Table 1) indicate that all three compositions have different limiting factors in the release of dye. 
Tri-PMMA fibers show slowest release with lowest diffusion coefficients. This is the result of 
formation of fibrous membrane of Tri-PMMA scaffolds after stress relaxation. Since Tri-PCL 
scaffolds can maintain the porosity during the release (Figure 15 A), higher diffusion coefficients 
were obtained. In the case of Tri-Gelatin fibers, rapid dissolution of gelatin releases dye quickly 
as compared to Tri-PCL and Tri-PMMA scaffolds.  
 
DTri-PCL 
(mm
2
/sec) 
DTri-PMMA 
(mm
2
/sec) 
DTri-Gelatin 
(mm
2
/sec) 
Adsorption 6.9 x 10 
-10
 4.8 x 10 
-10
 9.3 x 10 
-10
 
Subcritical 900 9.92 x 10 
-10
 6.4 x 10 
-10
 18.4 x 10 
-10
 
Supercritical 1200 9.85 x 10 
-10
 7.7 x 10 
-10
 20.6 x 10 
-10
 
Table 1: Diffusion coefficients of Rhodamine B from ternary blends infused using different 
impregnation conditions in a static release medium (PBS).  
 
A B C 
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5. Conclusion: 
In this study, simple electrospinning procedure was used to prepare ternary blend scaffolds of 
Tri-PCL (PCL 50%, PMMA 25%, Gelatin 25%), Tri-PMMA (PCL 25%, PMMA 50%, Gelatin 
25%) and Tri-Gelatin (PCL 25%, PMMA 25%, Gelatin 50%) blends. Blending of the three 
polymers and changing blend composition lends unique properties to the resultant electrospun 
scaffolds. PCL boosts the elongation capacity of the blend and aids in maintaining structural 
properties during further processing of blend. Gelatin imparts higher modulus and capability to 
achieve rapid release of the impregnated drug. Additionally, it makes the blend bioactive and 
allows efficient adhesion of proteins and cells. PMMA contributes in compressive strength of 
scaffold and allows longer degradation period. Stress relaxation of PMMA fibers lead to loss of 
fiber porosity. However, it maintains the fiber structure and thus has high surface area. This has 
potential for use in dermal and transdermal patches for long term drug delivery.   
CO2 assisted impregnation allows control over loading and release rates. Adjusting composition 
of PMMA-PCL-gelatin ternary blend and tuning impregnation condition several tissue 
engineered scaffolds and controlled drug delivery systems can be designed for efficient 
biomedical applications. Composition of the ternary blend was found to be a vital component in 
deciding several properties of these electrospun scaffolds. Significant improvement was obtained 
in the mechanical properties of ternary blends as compared to individual components of the 
blend. DSC and XRD studies show noteworthy changes in the crystalline properties of PCL in 
the ternary blend, rendering them better suited for impregnation of additives.  
CO2 assisted impregnation of drugs and biomolecules in polymers is trouble free, benign and 
‘green’ alternative to current impregnation processes. A dye release study was carried out from 
all three blend compositions under various impregnation conditions. Stress relaxation of PMMA 
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and gelatin in the presence of ethanol during impregnation process changes morphological 
properties of Tri-PMMA and Tri-Gelatin blend but Tri-PCL remains unchanged due to high 
crystalline content. Three measure factors were found to have significant impact on the dye 
release profiles from ternary blends: 1) Impregnation treatment of CO2 2) degradation rate of 
scaffold 3) Porosity of scaffold. Tri-PCL blend have long degradation rate and maintains 
porosity of the scaffold in the release medium. Effect of CO2 was dominant in the case of Tri-
PCL blends. For Tri-Gelatin scaffolds, degradation rate was found to be key factor in rapid 
release of the dye from scaffolds. Also ethanol treatment shows significant melting of Tri-
Gelatin fibers which increases the loading of the dye in the blend. In the case of Tri-PMMA, 
stress relaxation in the presence of ethanol reduces the porosity of the scaffold. Although PMMA 
shows increase in swelling under high pressure CO2, release of Rhodamine B is limited by 
porosity of the scaffold and diffusion of release medium in the scaffold. In summary, all three 
polymers show unique contribution in altering the properties of the ternary blends. Different 
blend ratios can be used to tune the characteristics of the blend and prepare several platforms to 
fulfill needs of biomedical engineering.  
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6. Recommendations for future work: 
Blend optimization has shown some promise in altering properties of the electrospun scaffolds. 
Further exploration via changing blend composition may yield interesting results in terms of 
mechanical properties, resilience to high pressure CO2 impregnation, resistance to stress 
relaxation of polymer matrix during post fabrication processing, and loading and release 
characteristics.   
The current tri-PMMA and tri-gelatin scaffolds show microstructure deformation during several 
post fabrication processing conditions. Thermal and chemical crosslinking has been proven to be 
successful in providing resistance to microstructural deformation. This may open up vistas for 
further controlling the release and degradation of tri-PMMA and tri-Gelatin blends.  
In this study only the release of Rhodamine – B was tested for controlled release applications. 
The solute – polymer interactions calculated via group contribution theory confirm that 
Rhodamine –B has higher affinity for gelatin. This may be a confounding factor in assessing the 
release characteristics of ternary blends. A more comprehensive release study is required, which 
uses different additive molecules to better assess the efficacy of the loading and release 
characteristics of the ternary blends. 
Finally to assess tissue engineering aspects of the scaffolds a cellular adhesion study is required 
to measure quantitative and qualitative aspects of cellular proliferation on the scaffolds. This will 
allow fine tuning of scaffold properties and post fabrication processing conditions to generate 
viable surrogates for the extracellular matrix (ECM), provide mechanical stability, and assist in 
directing cellular activity. 
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